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Abstract. Monoclonal antibodies (mAbs), while incredibly successful, are prone to a
variety of degradation pathways, the most significant of which is aggregation. One of the
most commonly used strategy to overcome protein aggregation is addition of excipients to
the formulation. Osmolytes such as trehalose, sucrose, and glycine are widely used. In this
paper, we explore potential use of naturally occurring osmolytes such as betaine, sarcosine,
ectoine, and hydroxyectoine for reducing aggregation of mAb therapeutics. Experimentation
has been performed on two IgG1 mAbs via accelerated stability studies. A variety of
analytical tools have been used for monitoring the impact, dynamic light scattering (DLS) for
colloidal stability, Fourier transform infrared (FTIR) spectroscopy and fluorescence
spectroscopy for conformational stability and the higher order structure (HOS), and
differential scanning calorimetry (DSC) for thermal stability. No significant impact of
osmolyte addition was observed on protein structure, on comparative Fc receptor (FcRn)
binding, and on biocompatibility as per our hemolytic assay. Our results rank the osmolytes’
stabilizing trend to be sarcosine > betaine > hydroxyectoine > ectoine. Sarcosine emerged as
the most successful osmolyte rendering highest degree of protection against aggregation. Our
data support the prospect of using these osmolytes as successful excipients for mAb
formulations.
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INTRODUCTION

A majority of the marketed biotherapeutics used to treat
life-threatening diseases, such as cancer and immune disor-
ders, are monoclonal antibodies (mAbs) owing to their
binding with high specificity to their targets (1). Clinical
application necessitates development of stable formulations,
as these proteins are susceptible to various degradation
pathways including the propensity of mAbs to aggregate at
high concentration, elevated temperatures, and varying pH
(2). Aggregation, i.e., formation of high molecular weight
species (HMWs) of IgG therapeutic proteins, is widely
considered to be a critical quality attribute (CQA)(3). Studies
reveal that formation of HMWs not only results in a
significant loss of biological activity and efficacy but can also
potentially lead to toxicity and adverse immunogenic reac-
tions post patient administration, raising questions about
product safety (4–6). As a result, aggregation of a drug

product (DP) has a significant impact on shelf life of the
biotherapeutic, and all biopharmaceutical manufacturers
engage in thorough biophysical characterization of
aggregates.

Thermal aggregation of IgG proteins can be triggered by
partial or complete unfolding, thereby leading to formation of
soluble oligomers and eventually insoluble aggregates
through interactions between the oligomeric species (7).
One pragmatic strategy to minimize aggregation is the
recruitment of compatible solutes that enhance the protein
surface hydration and prevent unfolding. One of the mech-
anisms by which these small molecule osmolytes act as
protectants is preferential exclusion from the protein surface,
rendering enhanced stability to the macromolecule (8, 9). As
per Arakawa et al., the mechanism of the effect of the protein
stabilizing osmolytes can be elucidated via preferential
hydration of the protein surface due to the exclusion of
solutes as well as the restructuring of water molecules around
the protein molecule in solution. This enables the small
molecule osmolytes to act as protectants by preferential
exclusion from the protein surface, rendering enhanced
stability to the macromolecule. The preferential exclusion of
the stabilizing solutes from the protein surface increases the
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free energy of the native state of the proteins (10). Several
protein stabilizers including amino acids (arginine, histidine,
glycine) and sugars (trehalose) are being successfully applied
in improving mAb formulations in addition to the excessively
used surfactants such as polysorbates (9, 11).

Glycine derivatives such as betaine (trimethylglycine)
and sarcosine (dimethylglycine), as well as other osmolytes
like ectoine and hydroxyectoine, are naturally occurring
osmolytes that are known to stabilize proteins and peptides
at elevated temperatures (Figure 1A, B, C and D)(12).
Betaine (Figure 1A), being one of the most abundant
osmoprotectants in bacterial cells, prevents water loss under
hyper osmotic stress conditions. It is a zwitterionic molecule
known to stabilize proteins via preferential exclusion from
most of the functional groups exposed on macromolecular
surface (13). Similarly, sarcosine (Figure 1B) is another
osmolyte known to stabilize proteins in vitro(14). The
effectiveness of ectoine (Figure 1C) and hydroxyectoine
(Figure 1D) to minimize aggregation and fibril formation of
Aβ peptide has been studied extensively (13–15). Although
the stabilizing effects of the osmolytes indicate their apparent
suitability as excipients in biotherapeutic protein formula-
tions, their potential to stabilize mAbs has not been explored
yet.

The primary focus of this study is to evaluate the
effects of the four osmolytes (betaine, sarcosine, ectoine,
and hydroxyectoine, Figure 1) on thermal stability, as well
as aggregation propensity, of therapeutic IgG1 mAbs in
comparison to the original excipients present in the
marketed formulations. Potential of these osmolytes as
formulation excipients have been identified by performing
accelerated thermal stability studies followed by an
investigation of the effects of osmolytes on the protein
aggregation using size exclusion chromatography (SE-
HPLC, Figure 2) and differential light scattering (DLS,
Figure 3). Further, conformational and structural alter-
ations have been monitored by Fourier transform infrared
(FTIR, Figure 4) spectroscopy and fluorescence spectros-
copy, respectively. In addition, an investigation of the
synergistic effects of the most stabilizing osmolytes

identified from our study was performed via differential
scanning calorimetry (DSC, Figure 5). Finally, the effects
of the test osmolytes on the function of the mAb was
evaluated by monitoring receptor binding using surface
plasmon resonance (SPR). Furthermore, a toxicity assess-
ment by an in vitro hemolysis assay (Figure 6) established
biocompatibility of these test osmolytes.

MATERIALS AND METHODS

Reagents

All of the buffers were filtered using a 0.22 μm nylon
membrane filter (Pall Life Sciences, Port Washington, NY)
and then degassed. All chemicals used for formulation
preparation were of analytical grade and procured from
Sigma-Aldrich (Bengaluru, Karnataka, India). The mobile
phase of SE-HPLC was composed of analytical grade
chemicals.

Protein Samples

An anti-CD6 monoclonal antibody (mAb A) of
immunoglobulin IgG1 isotype with a pI of 8.5 was
obtained from a major domestic biopharmaceutical pro-
ducer. Control sample for mAb A was prepared at 5 mg/
mL in 15 mM sodium phosphate buffer containing
150 mM sodium chloride and 0.02% polysorbate 80 (PS
80), pH 6.5, as suggested by the producer. An additional
no excipient control was formulated in the same buffer
without the PS 80 surfactant. For the mAb A test
samples, the excipient PS 80 was replaced with each of
the test osmolytes used in the study. Osmolytes were
added at two different concentrations to investigate the
concentration dependency of osmolyte effects. The con-
centration range was obtained from a preliminary accel-
erated stability study performed to screen optimal
concentrations of the osmolytes (data not shown). Con-
centrations of betaine and sarcosine were chosen to be
500 mM and 1 M (16), whereas 100 mM and 200 mM
ectoine and hydroxyectoine were used (16, 17). The final
protein formulation was obtained by adding adequate
volumes of protein, osmolyte, and buffer solutions, so
that the final protein concentration in each sample was 5
mg/mL(Table I).

Another IgG1 antibody (mAb B), an anti-VEGF
monoclonal antibody with a pI of 8.3 that targets the
soluble VEGF receptor and blocks angiogenesis, was used
to evaluate broadened applicability of the osmolytes used
in this study. mAb B was obtained from another major
domestic biopharmaceutical producer. The control sample
for mAb B was formulated with 51 mM sodium phos-
phate, pH 6.2, 25 mg/mL α, α-trehalose dihydrate, and
0.04% polysorbate 20 (PS 20) to match the marketed
formulation condition. An additional no excipient control
sample was prepared same as the control sample above
but without the addition of trehalose and PS 20. For the
mAb B test samples, both the excipients from marketed
formulation were excluded, and the test osmolytes were
added in the same concentrations as that for mAb A test
samples. For mAb B, all samples were prepared at 25 mg/

Figure 1. 2D structures of naturally occurring osmolytes. A Betaine,
B sarcosine, C ectoine, and D hydroxyectoine
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mL to match the mAb concentration in marketed formu-
lation (Table I). The formulation and other excipient
concentrations used for both the mAbs have been
tabulated in Table I.

Accelerated Stability Studies

Protocol for accelerated stability study to assess the
impact of excipients was adopted from Bansal et al. with
modifications w.r.t length of the study (18). The control
and test samples were stored at 55 °C for 16 days. At
specific time points (day 0, 2, 5, 9, 13, and 16), a fixed
volume of sample was removed for analysis, and forma-
tion of HMWs was assessed via SE-HPLC. Additionally,
colloidal and conformational stability assessments were
performed for the day 0 as well as final day of stability
study using DLS and HOS determination by FTIR and
fluorescence spectroscopy, respectively. In addition to the

control sample in the commercial formulation buffer, a
second control sample was included that did not contain
any excipient. All experiments were performed in dupli-
cate by incubating two sets (referred to as set 1 and set 2
in the text) of sample tubes at 55 °C to check for
reproducibility.

As mAb B aggregated faster at 55 °C, this study was
performed for 13 days. Sampling was done at regular time
intervals (day 0, 2, 5, 7, 9, and 13) to analyze the effect on
osmolytes on colloidal and conformational stability of mAb
B. For mAb B, day 9 samples were subjected to character-
ization using the DLS, FTIR, and fluorescence spectroscopy
as a result of insoluble aggregation and precipitation leading
to sample loss on day 13 for the controls as well as test
samples. SE-HPLC was performed on samples from both set
1 and set 2. However, after establishing trend reproducibility,
all other measurements were carried out on samples from set
1 of the study with technical replication.

Figure 2. Accelerated stability studies indicate proficiency of osmolytes based on % changes in monomer (panels A and B), aggregate (panels
C and D), and fragment (panels E and F) contents during the course of accelerated stability studies for mAb A (panels A, C, and E) and mAb
B (panels B, D, and F) samples. Black squares with dotted lines represent a no excipient control with the mAbs formulated in base buffer, and
black circles and solid lines represent controls representing mAbs in the respective formulations as being marketed. The data mAb samples are
color coded by osmolytes present as pink for 1 M betaine, green for 1 M sarcosine, yellow for 200 mM ectoine, and blue for 200 mM
hydroxyectoine
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Methods to Determine Osmolyte Effects on Colloidal
Stability

SizeExclusion-High Performance Liquid Chromatography
(SE-HPLC)

For characterization of monomer, aggregate, and frag-
ment species in the accelerated stability samples, a high
resolution Superdex 200 (300 × 10 mm, pore size 8.6 μm)
column was used at 25 °C. The column was connected to
Thermo Scientific™ UltiMate™ 3000 UHPLC (Thermo
Scientific) system consisting of a quaternary pump with a
degasser, an autosampler with a cooling unit, and a variable
wavelength detector (VWD). The samples were centrifuged
at 5000 rpm for 5 min to remove insoluble aggregates before
loading onto the column. The mobile phase used was 50 mM
phosphate buffer, 300 mM sodium chloride, and 0.05%

sodium azide at pH 7.0. Isocratic elution was performed for
45 min at a flow rate of 0.5 mL/min. The chromatogram was
manually integrated using the software supplied by the
manufacturer to obtain areas under the curve for differently
sized species (aggregates, monomers, and fragments), and the
relative % content was determined.

Dynamic Light Scattering (DLS)

A Zetasizer Nano ZS 90 (Malvern Instruments) particle
size analyzer with temperature control fitted with a 633 nm
He−Ne laser was used to determine the hydrodynamic
diameter (Dh) of the accelerated stability samples on day 0
and day 16 (for mAb A) or day 9 (for mAb B) by using
dynamic light scattering. The protein samples (5 mg/mL)
were centrifuged at 6000 rpm for 5 min, and 70 μL of the
supernatant was taken in a plastic disposable 50 μL cuvette

Figure 3. DLS measurement indicates osmolytes effect on colloidal stability of mAb A and mAb B samples. Panels A and B
compare the changes in hydrodynamic diameters and polydispersity indices on day 0 and day 16 for the controls as well as
osmolyte-containing samples. Panels C and D plot the changes in these parameters for mAb B study
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and closed using a cuvette lid to avoid contamination from
dust particles. DLS measurements consisted of 10 acquisitions
measured for 1 s each at 25 °C. DLS data for each sample
were acquired in triplicates. The auto-correlation functions
for the averaged measurements were analyzed using the
Malvern software to determine the hydrodynamic diameter
(Dh) and polydispersity index (PDI) of the mAb samples.

Methods to Determine Osmolyte Effects on Conformational
Stability

Fourier Transform Infrared (FTIR) Spectroscopy

FTIR spectra for samples from day 0 and the last day of
incubation of the accelerated stability studies for both mAb A
and mAb B were recorded on Thermo ScientificNicoletiS50
FTIR spectrometer equipped with SmartiTX-Diamond for
the attenuated total reflection (ATR)-FTIR mode spectrom-
eter with DTGS-KBr detector. About 6 μL of each sample
was placed on the ATR cell. Respective background spectra
of air were used for automated background signal subtraction
using the OMNIC software. ATR correction was performed
on protein spectra using the OMNIC software. IR measure-
ments were taken with a 4 cm−1 spectral resolution; data

Figure 4. Comparison of β-sheet content from FTIR spectral
deconvolution for day 0 and end day of stability study for mAb A
(panel A) and mAb B (panel B)

Figure 5. Thermal melting profiles of mAb A controls and samples obtained by DSC
analysis. Data for mAb A control with no excipient (black), control in marketed
formulation (gray), and samples in the presence of sarcosine (green), hydroxyectoine
(blue), and both sarcosine + hydroxyectoine (orange) are overlaid for comparison

Figure 6. Comparison of percent hemolysis for osmolytes and
controls used to define higher and lower (acceptable) limits
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points were measured every 1 cm−1, and 64 scans were
collected per sample, over a range of 4000 to 600 cm−1. The
automatic baseline correction function in OMNIC was
applied to the data. The background spectra of buffers with
and without osmolytes were subtracted from the respective
protein spectra in OMNIC. The subtracted spectra were
analyzed in OMNIC to deconvolute the peaks in the amide I
region (1600–1700 cm−1) for comparing the percent β-sheet.

Fluorescence Spectroscopy

Effect of osmolyte on the three-dimensional protein
conformation was studied by measuring intrinsic tryptophan
fluorescence for day 0 and final incubation time samples for
mAb A and mAb B. Briefly, the samples were excited at 295
nm, and the emission spectra were obtained from 300 to 500
nm. Respective buffer blanks were subtracted from the
spectra, and the data were averaged.

Differential Scanning Calorimetry (DSC)

DSC was performed on a MicroCal PEAQ-DSC instru-
ment (Northampton, MA, USA) to assess synergistic effects
of osmolytes on mAb A stability. Similar to the accelerated
stability study, two control samples were prepared for mAb A
in the base formulation buffer; a no excipient control sample
contained no excipients, while the control with excipients
contained 0.02% (w/v) PS80 to match the marketed formu-
lation. Test samples for mAb Awere prepared in formulation
buffer replacing PS80 with 1 M sarcosine or 200 mM
hydroxyectoine. Additionally, a test sample containing both
1M sarcosine and 200 mM hydroxyectoine was prepared to
evaluate synergistic effects for this osmolyte pair. Protein
concentration for all samples was 1 mg/mL. For each run,
corresponding buffer was added to the reference and sample
cells for blank runs followed by sample in sample cell for test
runs. Samples were heated from 20 to 90 °C at a rate of
1°C/min. Data were analyzed by subtracting the buffer scan
followed by baseline adjustment using the line function.
Subsequently, the data were fitted to a non-two-state model

with two transitions to obtain the Tm and ΔH parameters for
each transition. The unfolding of mAb Awas irreversible. All
analysis was done using the MicroCal PEAQ-DSC software.

Analys i s o f Osmoly te Ef fec t s on Bind ing and
Biocompatibility

Surface Plasmon Resonance (SPR)

The affinity between mAb B and neonatal human Fc
receptor (FcRn) was measured on a BiacoreTM X100 Plus
biosensor (GE Healthcare). Recombinant human FcRn-his
tag protein (R&D Systems) was immobilized on a CM5
sensor chip surface using the His coupling kit according to the
manufacturer’s protocol at a level of ∼200 response units
(RU). mAb B was injected in a series of concentrations
ranging from 3.12 to 50 nM with an association time of 60 s
followed by a 60-s dissociation phase. All measurements were
performed at 25°C with a flow rate of 30 L/min using HBS-
EP, pH 6.0 (0.01 M HEPES, 0.15 M NaCl, 3 mM EDTA,
0.005% v/v PS20) running buffer, as per the manufacturer’s
protocol. Affinity constants were calculated from the
sensorgrams using the steady-state affinity fit model using
BIAEvaluation 2.0.1 software (GE Healthcare). SPR exper-
iments were performed in the control buffer with no
excipient, in buffer with formulation excipients, and buffer
containing the test excipient. The parameters obtained were
compared to monitor effect of excipients on the binding
affinity and kinetics.

Hemolysis Assay

In vitro hemolysis activity was performed as per a
reported method for mAb formulations to check for biocom-
patibility (19). Briefly, human blood sample was collected
from a volunteer and washed three times with 0.1 M PBS by
centrifugation at 1500 rpm for 10 min at 4 °C. The obtained
red blood cell (RBC) pellet was re-suspended in 1X PBS
(phosphate-buffered saline), pH 7.4. RBC suspension (100
μL) was added to 100 μL of test buffer containing osmolytes

Table I. Formulation of Control and Test Samples for mAb A and mAb b as Used in the Study

mAb A mAb B

Type Anti-CD6 Anti-VEGF
Concentration 5 mg/mL 25 mg/mL
Marketed

formulation (control)
15 mM sodium phosphate,

150 mM sodium chloride, and 0.02%
polysorbate 80 (PS 80), pH 6.5

51 mM sodium phosphate, α, α-trehalose
dihydrate, and 0.04% polysorbate 20 (PS 20), pH 6.2

No excipient control 15 mM sodium phosphate, 150 mM
sodium chloride, pH 6.5

51 mM sodium phosphate, pH 6.2

Betaine 15 mM sodium phosphate, 150 mM
sodium chloride, 1 M betaine, pH 6.5

51 mM sodium phosphate, 1 M betaine, pH 6.2

Sarcosine 15 mM sodium phosphate, 150 mM sodium
chloride, 1M sarcosine, pH 6.5

51 mM sodium phosphate, 1 M sarcosine, pH 6.2

Ectoine 15 mM sodium phosphate, 150 mM
sodium chloride, 200 mM ectoine, pH 6.5

51 mM sodium phosphate, 200 mM ectoine, pH 6.2

Hydroxyectoine 15 mM sodium phosphate, 150 mM
sodium chloride, 200 mM hydroxyectoine, pH 6.5

51 mM sodium phosphate, 200 mM hydroxyectoine, pH 6.2
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and was incubated for 30 min at 37 °C and 100 rpm shaking.
The samples were then centrifuged at 1500 rpm, and the
absorbance of the supernatant was determined at 416 nm in a
96 well plate using Multiskan GO spectrophotometer
(Thermo Scientific, Waltham, MA, USA). To determine the
limits of the assay, measurements were performed for 0.1 M
PBS representing 0% activity and 1% (v/v) Triton-X for
100% hemolysis. The percent hemolysis for the samples was
calculated based on these controls using Equation 1:

%Hemolysis ¼ 100� ðA ðsample
� A blankÞ=ðA TritonX � A blankÞÞ ð1Þ

where A corresponds to absorbance at 416 nm and blank
corresponds to 0.1 M PBS.

Additionally, percent hemolysis was measured for an
excipient control, PS-80, at two concentrations as positive
control for this assay (7 mg/mL and 100 mg/mL).

RESULTS AND DISCUSSION

Effect of Osmolytes Colloidal Stability of mAbs

Accelerated Stability Studies

Osmolytes increased the stability of mAb A and mAb
B by preventing aggregation at 55 °C. The effect of
osmolytes on mAb degradation was analyzed by monitoring
the change in percentage of aggregate formation as well as
that of retention of monomeric species and fragmentation as
a function of time at different osmolyte concentrations.
Both mAb A and B samples exhibited higher monomer
content in the presence of osmolytes when compared with
existing marketed formulation as well as the no excipient
control (Figure 1A and B, Table II). For mAb B, both the
control samples and the test samples containing 1 M betaine
and 200 mM ectoine indicated loss of soluble protein
indicating formation of insoluble aggregates, which was also
noted in the form of precipitation in the sample tubes.
Hence, at the last common measurable time point across all
samples was day 9. As presence of sarcosine and
hydroxyectione in the samples seemed to prevent formation
of these insoluble aggregates, the last measurable day was
day 13 (Figure 1B, D, and F, Table II). Total % aggregates
observed were lower in the presence of all four osmolytes
compared to the control formulation in case of both the
mAbs (Figure 1C and D, Table II, Supplementary S1). For
mAb A, percent fragmentation in the presence of osmolytes
was within the range of the values obtained for control with
excipient and without excipient, at the end of the study
(Figure 2E, Table II). However, for mAb B, the percent
fragmentation was lower in the presence of each of the
osmolyte tested when compared with both the controls on
day 9 (Figure 2F, Table II). Comparative analysis for the
mAb A accelerated stability study indicates a 13.1% and
5.65% increase in aggregation and fragmentation, respec-
tively, with an overall loss of 18.7% monomer content for
the control in marketed formulation sample on day 16
(Table II). A similar comparison for sarcosine-containing
sample (1 M Sarcosine) indicates a total loss of 6.39%
monomer content on day 16 with a corresponding 2.84%

and 3.55% increase in both aggregation and fragmentation
over the course of the study, respectively. A similar trend
was noted in a duplication study (set 2) for which the data
has been tabulated in Supplementary Table S1. Overall, the
aggregate content of mAb A was found to be highest in
marketed formulation and lowest in the presence of 1 M
sarcosine, while the aggregate content in the samples
containing betaine, ectoine, and hydroxyectoine and the
no excipient control was found to be within this bracket.

Similarly, for mAb B, all osmolytes tested reduced the
% aggregation and preserved a higher level of monomer
content when compared to the control sample in marketed
formulation (Figure 2B, Table II). In a control sample in
marketed formulation, a decrease of 37.72% was observed
in monomer content on day 9 (set 1) (Table II). In
comparison, mAb B in the presence of 1 M sarcosine
indicated monomer retention till the end of the study
(25.3% decrease in monomer content on day 13) and lowest
% decrease in monomer (17.7%) for day 9 compared to all
the control and test samples. This renders sarcosine to be
the most efficient excipient for aggregation prevention for
mAb B under forced degradation studies from the excipi-
ents tested in this study. The retention of monomeric states
of mAb A and mAb B in the presence of osmolyte
highlights the osmolyte-induced stabilization of native
structural folds of these mAbs. Furthermore, an osmolyte-
specific stabilizing effect was revealed with sarcosine being
the best stabilizer. Sarcosine (N-methyl glycine) can be a
strong stabilizer with two potential H-bond donors as
opposed to betaine (N, N, N-trimethylglycine) which lacks
at being a hydrogen bond donor. Thus, sarcosine renders a
higher degree of stabilization possibly owing to its enhanced
H-bonding capabilities (20, 21). Additionally, a comparison
of the behavior of the ectoine- and hydroxyectoine-
containing samples indicates that hydroxyectoine preserves
the monomeric form of the mAbs to a higher extent.
Indeed, the soluble monomer species for mAb B was
retained until day 13 only in the samples containing
hydroxyectoine and sarcosine, whereas all the other formu-
lations resulted in insoluble aggregation and precipitation
(Figure 2D, Table II). An interesting observation is that in
both the cases (mAb A and mAb B), samples in marketed
formulation (control with excipients) show a higher rate of
aggregate formation when compared to test samples
(Table II). Excipients play a role in stabilizing proteins
against multiple degradation pathways by slowing down the
process of aggregation and denaturation. The stabilizing
mechanism differs from excipient to excipient (sugars,
surfactants, salts, amino acids, polyols, saccharides, and
antioxidants), and hence, formulation is likely to consist of a
cocktail of excipients depending upon the type of stresses
that the protein needs to be stabilized against. In this study,
we have tested the stabilizing performance of osmolytes
against thermal stress induced degradation alone. It is likely
that the excipients present in the formulation exhibit
stabilizing effect against other potential degradation mech-
anisms such as interfacial interactions with hydrophobic
surfaces such as air/water interfaces and container surfaces
and mechanical stress such as in case of surfactants like PS-
80(22, 23). This may explain the observed rate of aggrega-
tion in the presence of certain excipients.
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DLS

Samples from day 0 and day 16 (mAb A)/day 9 (mAb B)
were analyzed by DLS to monitor changes in the colloidal
stability over the course of the forced degradation study. An
increase in protein aggregation due to thermal stress in the
SE-HPLC results was also reflected by an overall trend of
increase in hydrodynamic diameter (Dh) for all samples at the
end of the accelerated stability study for both mAb A and B
(Figure 3). For mAb A, the Zaverage Dh reported represents
the average particle size of all the species present within the
sample, and the polydispersity index (PDI) represents the
width of the particle size distribution. The numerical value of
PDI ranges from 0.0 (for a perfectly uniform sample with
respect to the particle size) to 1.0 (for a highly polydisperse
sample with multiple particle size populations). Although
there is no established PDI range for formulated drugs, an
increase in PDI over time or upon exposure to stress (such as
in this study) indicates presence of multiple size species. The
analysis of the day 0 measurements for all the mAb A
controls and samples reveals a monodisperse size distribution
with Dh ranging from 12.1 ± 0.04 to 17.3 ± 0.11 nm (Figure 2A
and B and Table S2), which corresponds to the known size of
monomeric mAb species (24) and PDI ranging from 0.06 ±
0.01 to 0.27 ± 0.02. However, on day 16, the Dh and PDI
values increase ranging 33.4 ± 0.61–232 ± 6.22 nm and 0.22 ±
0.02–0.92 ± 0.12, respectively, indicating a distribution of
monomeric plus aggregate species. To further understand the
effect of osmolytes on colloidal stability, the increase in
particle size and polydispersity for the samples post acceler-
ated stability study (day 16) was compared to that for the
controls. Both of the controls contained particles with larger
diameter with a wider size distribution on day 16 as compared
to day 0. Addition of sarcosine as an excipient resulted in the
smallest increase in size and polydispersity followed by

betaine which exhibited slightly higher Dh on day 16
(Figure 2A and B and Table S2). Neither osmolyte yielded
a significant change in the polydispersity of the mAb. Samples
containing ectoine and the control in marketed formulation
exhibited higher heterogeneity with the particle size of
around 200 nm with higher PDI values ranging from 0.75 to
0.92 on day 16 as compared to the no excipient control
sample and the other osmolyte-containing samples.
Hydroxyectoine-containing samples were comparable to the
control with no excipient but smaller in size (Dh) and
polydispersity as compared to control with marketed excipi-
ents, at the end of the stability study. This is indicative of
diverse and osmolyte-specific effects on the colloidal stability
of mAb A. Thus, for mAb A, there was improved colloidal
stability in the presence of sarcosine and betaine under
thermal stress. Further, hydroxyectoine also enhanced stabil-
ity as compared to the excipient in the marketed formulation.

The effect of excipients on mAb B size distribution was
found to be complex compared to mAb A (Tables S3 and S4).
Formation of relatively larger sized particles under thermal
stress is noted in the presence of excipients as compared to
controls (Figure 3C). At the end of the study, the size
distribution with smallest species with a diameter of 13.4 nm
was obtained for the control sample with no excipient,
whereas, on contrary to the mAb A results, the mAb B
sample formulated with sarcosine and betaine yielded the
larger particle sizes with diameters of 118 nm and 210 nm,
respectively. However, the effect of osmolytes on the change
in polydispersity index was strikingly consistent with that of
mAb A. The data suggest an osmolyte-specific effect in
maintaining the homogeneity of the size distribution. Ectoine,
however, induced a higher polydispersity, as was also noted
for mAb A. Thus, the inconsistency within the trend for both
size distribution parameters (Dh and PDI) highlighted the
ambiguity in understanding the role of osmolytes on colloidal

Table II. Comparison of the SE-HPLC Based % Increase in Aggregation, Fragmentation, and Decrease in Monomer for mAb A and mAb B
Samples (Set 1, Data Set—a)

Aggregate (%) % aggregate
increase

Monomer (%) % monomer
decrease

Fragment (%) %fragment
increase

mAb A Day 0-
a

Day
16-a

Day 0-a Day 16-a Day 0-a Day
16-a

Control no excipient 0.51 8.65 8.14 99.2 87.8 11.5 0.27 3.59 3.32
Control in marketed formulation 0.58 13.6 13.1 99.1 80.4 18.7 0.33 5.98 5.65
1 M betaine 0.38 5.3 4.92 99.6 89.6 10.1 0 5.1 5.1
1 M sarcosine 0.41 3.25 2.84 99.6 93.2 6.39 0 3.55 3.55
200 mM ectoine 0.45 12.6 12.1 99.1 83.7 15.4 0.46 3.78 3.32
200 mM hydroxyectoine 0.43 6.63 6.2 99.6 88.2 11.4 0 5.18 5.18

Aggregate (%) % aggregate
increase

Monomer (%) % monomer
decrease

Fragment (%) % fragment
increase

mAb B Day 0-a Day 9-
a

Day 0-a Day 9-a Day 0-a Day 9-a

Control no excipient 1.31 40.88 39.57 98.7 50.6 48.54 0.00 8.96 8.96
Control in marketed formulation 1.14 34.37 33.23 98.86 61.14 37.72 0.00 4.48 4.48
1 M betaine 0.92 25.55 24.63 99.08 72.63 26.45 0.00 1.82 1.82
1 M sarcosine 0.47 16.98 16.51 99.53 81.8 17.7 0.00 1.95 1.95
200 mM ectoine 1.06 22.50 21.44 98.94 75.24 23.66 0.00 2.27 2.27
200 mM hydroxyectoine 1.03 26.82 25.79 98.97 70.79 28.18 0.00 2.39 2.39
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stability of mAb B. For further elucidation, the data
corresponding to the monomer-specific peak (assuming a
monomer diameter of 12–15 nm) was analyzed to determine
the change in the peak area over the course of the stability
study (Supplementary Table S4). Sarcosine showed higher
retention of the monomeric species at day 9 as compared to
day 0 for control with no excipients as well as for samples
with sarcosine, ectoine, and hydroxyectoine.

The results obtained for mAb B samples can perhaps be
influenced by the higher sensitivity of DLS towards larger
particle. Big particles scatter more light than small particles
and thus make a larger contribution to the total scattering
signal. This leads to an over-representation of larger particles
and under-representation of smaller particles (25). An
additional factor to consider is the formation of reversible
aggregates, and the associated kinetics may influence size
measurements of mAb B, thereby complicating its character-
ization by DLS. Prior work by our group has explored
mechanisms of aggregation as well as kinetics indicating
formation of reversible aggregates as an intermediary state
to irreversible aggregation (26). There was some stochastic
appearance and disappearance of larger particles in the DLS
of mAb B (data not shown) that could be explained by the
phenomenon of reversible aggregate formation. While the
formation of reversible aggregates may have given rise to an
overall larger sized particle in osmolyte-containing mAb B
samples, the osmolytes such as betaine, sarcosine, and
hydroxyectoine tend to retain the mAb in the reversible
aggregate state as compared to the controls that fail to
prevent irreversible aggregation. Thus, the osmolytes may aid
in preventing subsequent formation of irreversible aggregated
state, leading to precipitation. This phenomenon of decrease
in protein precipitation on day 9 was noted for mAb B
samples formulated with sarcosine and hydroxyectoine (“Ef-
fect of Osmolytes Colloidal Stability of mAbs” section).
Another study found that excipients limit reversible aggrega-
tion of an anti-VEGF mAb by stabilizing monomers by
binding to protein-protein interaction hotspots present on the
mAb surface (27). However, the excipients tested in our
study, such as betaine and sarcosine, are known to stabilize
proteins via preferential exclusion (13–15). Thus, the investi-
gation of the role of these osmolytes in affecting reversible
aggregation may open new avenues to understand their
potential as protein stabilizers.

Effects on Higher Order Structure (HOS)

FTIR Spectroscopy

In order to monitor the effect of osmolytes on the
structural stability of mAbs, changes in HOS in response to
incubation at elevated temperatures for each of the samples
were assessed. Immunoglobulin G (IgG) is β-sheet-rich
proteins that form higher order aggregates via intermolecular
β-sheet formation (28). Thus, change in total β-sheet content
was monitored for day 0 as well as thermally stressed samples
on day 16 (or day 9) for both the mAb formulations using
FTIR spectroscopy with an increase in β-sheet content
indicating destabilizing while a decrease in β-sheet indicating
stabilizing conditions (Supplementary Figures 1 and 2). The
amide I (1600–1700 cm−1) region of the FTIR spectra was

deconvoluted to estimate the percentage of β-sheet content
for each sample (Supplementary Table S5). Although no
clear trend was observed amongst the different preparations
of the same mAb with respect to % β-sheet(Figure 3A and
B), certain excipients such as betaine did show a similar trend
with increased β-sheet content for both the mAbs on day 16
(or day 9) as compared to day 0.

On the contrary, the % β-sheet decreased in mAb A in
the presence of sarcosine, whereas it increased in the
presence of ectoine and no significant difference noted in
the presence of hydroxyectoine. This may indicate a trend of
higher stabilizing effect of sarcosine as compared to betaine
and hydroxyectoine as compared to ectoine for mAb A.
However, for mAb B, no significant change in β-sheet content
was observed in the presence of ectoine and hydroxyectoine,
while an increase was noted in the presence of sarcosine and
to a higher extent in the presence of betaine (Figure 4A and
B). No major change was observed for the control samples
between the 2 time points of the study for both the mAbs
(mAb A: 55.26% and 56.29% and mAb B: 61.52% and
55.83%) in FTIR experiments. Thus, although no significant
stabilization effect of the mAbs may be discerned, it is
noteworthy that the presence of osmolytes does not cause
any detrimental effects on the secondary structure of the
proteins in comparison to original formulation.

Intrinsic Fluorescence Spectroscopy

Changes in HOS in the presence of different excipients
at the end of the accelerated stability study were also
evaluated via intrinsic fluorescence. Data were analyzed to
compare the wavelength with maximum fluorescence inten-
sity (λmax) between the samples at day 0 and day 16 (or day
9) of the stability studies (Table III). On day 0, no significant
shift in λmax (p > 0.05) was observed between the osmolyte
samples and the control without excipient suggesting minimal,
if any, effect of the osmolytes on the tertiary structure of the
mAbs. Additionally, no significant trends were observed for
osmolyte-induced shifts in λmax for mAb A on day 16 thermal
stress assessment. However, a few trends were observed for
mAb B samples. A minor red shift was observed for control,
as well as samples containing 1 M betaine, 1 M sarcosine, and
200 mM hydroxyectoine, indicating minor conformational
changes resulting in increased exposure of the tryptophan
residues to the solvent environment. Thus, the osmolytes
tested showed no significant (p>0.05) hindrance of trypto-
phan accessibility for mAb A with minor effects being noted
for mAb B tertiary folding. The intrinsic fluorescence
measurements thus corroborate that the presence of
osmolytes do not cause adverse effects on the tertiary
structure of the mAbs as compared to the original
formulations.

Synergistic Stabilizing Effect of Osmolytes

DSC

We next wanted to corroborate stabilizing effects of
osmolytes as well as question the additivity of this effect by
monitoring changes in conformational stability. Synergy
between two osmolytes towards enhancing conformational

Page 9 of 12 26



AAPS PharmSciTech (2022) 23: 26

stability was assessed in further detail by looking at changes
in transition temperature in the presence of one or two
osmolytes. As sarcosine was found to have the most
protective effect of all the osmolytes tested, in both mAbs
A and B, in the accelerated stability experiments and also as
hydroxyectoine outperformed ectoine as a stabilizing excipi-
ent (Figure 2), the protective synergy was tested in mAb A,
for sarcosine, in the presence of hydroxyectoine. A combina-
tion of sarcosine and hydroxyectoine was assessed for
synergistic effect. Use of a two-state transition to fit the
DSC thermogram did not accurately encompass the entire
transition, so a non-two-state transition was used for fitting,
yielding two resolved transition temperatures (Tm1 and Tm2 in
Table IV). No change in shape of the thermogram (peak
narrowing/broadening) was observed amongst the different
formulations. Both sarcosine (Tm1:75.39 ± 0.01 °C, Tm2: 85.28
± 0.06 °C) and hydroxyectoine (Tm1: 73.32 ± 0.01 °C, Tm2:
83.59 ± 0.04 °C) increased the melting temperature when
compared to no excipient control (Tm1:72.94 ± 0.01, Tm2:
83.12 ± 0.04) and control with marketed excipient (Tm1:72.91
± 0.01, Tm2: 83.02 ± 0.05). Keeping with the trend, in the
presence of both osmolytes, an increase of >2 °C was
observed for both Tm1 and Tm2, as compared to the control
which was slightly greater than that observed in the presence
of sarcosine alone. The stabilizing effect as evidenced by an
increase in melting temperature was prominent for sarcosine.
On the other hand, presence of hydroxyectoine did not result
in a drastic increase in the Tm value, although a slight (<1°C)
but consistent trend towards higher Tm values was observed
in all formulations containing this excipient. This shift
towards higher Tm in the presence of osmolytes can be noted
from the right shift in the overlay of thermal scans (Figure 5).

These results corroborate a role of osmolytes in stabiliz-
ing the HOS under thermal stress. For the osmolytes tested
by DSC, the results indicate mild but additive stabilizing

effects in the presence of multiple osmolytes. With this as a
proof of concept, further studies using multiple combinations
of osmolytes in different concentrations would determine the
additivity in protein stabilization by sarcosine and
hydroxyectoine, as well as other sets of osmolytes. In parallel,
these studies could also shed light on the mechanism of
osmolyte-induced protein stabilization as is understood from
literature that osmolytes may stabilize proteins by preferen-
tial exclusion and destabilize by preferential interaction with
the exposed surfaces causing changes in the protein hydration
shell (29, 30).

Effect of Osmolytes on Functional Attributes of mAbs

SPR

SPR binding experiments were performed to demon-
strate the effect of adding small molecule osmolytes to the
formulation on the functional attributes of the mAb samples.
Due to selective availability of the receptors, SPR experi-
ments could only be performed for mAb B. For these studies,
the binding of mAb B to neonatal Fc receptor was
characterized in the commercial formulation and compared
to binding in the absence and presence of all the test
osmolytes. A steady-state binding response was noted in the
sensorgrams with the affinity of mAb B in all formulations in
the nanomolar range (Table V), thus indicating that the
presence of osmolytes in the tested concentration did not
interfere with the mAb-receptor interaction.

Hemolytic Potential of Osmolytes

The Center for Drug Evaluation and Research (CDER,
FDA) recommends that for excipients intended for injectable
use, an in vitro hemolysis study should be performed at the

Table III. Comparison of the Intrinsic Tryptophan Fluorescence Emission λmax Values for mAb A and mAb B Samples

Samples mAb A (λmax) mAb B (λmax)

Day 0 Day 16 Day 0 Day 9

Control no excipient 336 ± 3 333 ± 4 338 ± 2 344 ± 1
Control in marketed formulation 335 ± 1 335 ± 1 339 ± 3 334 ± 4
1M betaine 332 ± 1 333 ± 4 336 ± 1 341 ± 1
1M sarcosine 331 ± 4 328 ± 3 338 ± 2 343 ± 1
200 mM ectoine 331 ± 3 329 339 340 ± 1
200 mM hydroxyectoine 333 ± 7 331 ± 6 340 ± 1 346 ± 2

Table IV. Comparison of the melting temperatures of mAb A controls and samples obtained by DSC.

Sample Tm1 (°C) Tm2 (°C)

mAb A control no excipient 72.94 ± 0.01 83.12 ± 0.04
mAb A control plus excipient 72.91 ± 0.01 83.02 ± 0.05
mAb A + 1 M sarcosine 75.39 ± 0.01 85.28 ± 0.06
mAb A + 200 mM hydroxyectoine 73.32 ± 0.01 83.59 ± 0.04
mAb A + 1 M sarcosine + 200 mM Hydroxyectoine 75.94 ± 0.01 85.80 ± 0.03
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intended concentration for IV administration to test for
hemolytic potential (31). Following the exposure of blood to
the test excipient, the in vitro hemolysis assay evaluates
hemoglobin release in the plasma as an indicator of red blood
cell lysis. Biocompatibility of the excipients was tested by
in vitro hemolytic activity assay. The percent hemolysis was
lower in all tested excipients compared to control buffer
formational (PS 80, 7 mg/mL: 3.13%), which indicated
acceptable hemolytic compatibility for the excipients tested
(Figure 6). The lowest percent hemolysis was observed in the
presence of sarcosine (0.50%) followed by ectoine (1.01%),
betaine (1.81%), and hydroxyectoine (2.07%) in an increas-
ing order.

CONCLUSIONS

Osmolytes are small organic molecules accumulated by
cells in response to environmental stresses and act as
protectants for structural preservation of proteins. According
to a recent study surveying the use of osmolytes in biologic
formulations, 76.7% (102 out of 133 formulations investi-
gated) contained an osmolyte as one of the excipients (8).
Glycine and sucrose are the most favored osmolytes for
inclusion in biotherapeutic formulations. In this work, we
determine the performance of naturally occurring glycine
derivatives, betaine and sarcosine, and other small organic
molecules, such as ectoine and hydroxyectoine, as suitable
osmolytes for monoclonal antibody formulations. The stabi-
lizing effect was studied in an accelerated stability format for
two IgG1 mAbs. No detrimental effect was found on the
structural stability of the mAbs tested for any of the four
osmolytes. Furthermore, all osmolytes exhibited favorable
biocompatibility. Sarcosine, in particular, had a greater
stabilizing effect on both IgG1 mAbs as opposed to marketed
formulation and other osmolytes, for the parameters tested.
Moreover, addition of two stabilizing osmolytes together
(sarcosine and hydroxyectoine) indicated an additive stabiliz-
ing effect with an increase in both Tm1 and Tm2. Our study
highlights the use of naturally occurring osmolytes, such as
sarcosine, as a superlative choice for biotherapeutic formula-
tions, in particular for aggregation-prone protein therapeutics
such as monoclonal antibodies.
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